Synonymous codon use is non-random. Codons most used in highly transcribed genes, often 19 called optimal codons, typically have high gene counts of matching tRNA genes (tRNA abundance) and 20 promote accurate and/or efficient translation. Non-optimal codons, those least used in highly expressed 21 genes, may also affect translation. In multicellular organisms, codon optimality may vary among tissues.
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to measure expression per tissue. FPKM values were highly correlated between replicates of each 160 sample type (Spearman's Ranked R>0.9, P<2X10 -7 ). with synonymous codons (note that Trp and Met only have one codon each), we identified the optimal 168 codon using the contrast method. [13] [14] [15] 17, 21, 24, 58, 62 For this, we determined the difference in RSCU 169 (∆RSCU) per codon between genes with the highest 5% versus the lowest 5% expression. The primary 170 optimal codon for each amino acid was defined as the codon with the highest and statistically significant 171 positive ∆RSCU value, indicating preferred usage in highly transcribed genes. [13] [14] [15] 17, 21, 24, 58, 62 The 172 primary non-optimal codon per amino acid was defined as the codon with the largest negative and 173 statistically significant ∆RSCU value, indicating low usage in highly transcribed genes. Statistical 174 significance per codon was applied using a t-test between RSCU values across all genes for high versus 175 low expressed genes. 176 As the literature reflects some variation in terminology among studies to date, we explicitly 177 define the term "optimal codons" herein as those codons most used in highly transcribed genes based on 178 ∆RSCU, which infers an innate advantage of the codon under high transcription. Then, we secondarily 179 assessed each optimal codon's correspondence to the number of matching (codon-anticodon) tRNA 180 genes in order to test their role in translational accuracy/efficiency 1, 4, 5, 18, 20, [29] [30] [31] [32] [33] or possible other 181 functions (e.g., wobble codons for translational slowing). For non-optimal codons a similar approach 182 was used wherein the non-optimal codons were identified based solely on ∆RSCU, and their 183 relationships to tRNA were then assessed.
184
The frequency of optimal codons (Fop) is a measure of the degree of optimal codon usage per 185 gene. 6 Fop was determined in CodonW 63 using the primary optimal codons identified herein. Fop was 186 also determined using the primary optimal codons previously identified by Williford and Demuth 187 2012. 18 As multiple codons per amino acid were classified as optimal in that assessment, we defined 188 each primary optimal codon from their study as that with the strongest average positive correlation 189 across tissues for measuring Fop.
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For an additional layer stringency, we wished to exclude the possibility that expression-mediated 191 mutational-biases towards specific nucleotides, which have been observed to some extent in certain 192 organisms to date (e.g., E. coli, humans 64,65 ), contribute towards codon differences among high and low 193 expressed genes herein. For this, we extracted all introns for every gene in the genome (those with 194 introns) using the GFF file available (see section 2.1). Introns are thought to be mostly selectively 195 neutral, 18, 66 and thus the nucleotide content should reflect any underlying mutational pressures in the 196 genome, and on the nucleotide composition of synonymous codons in an organism. 13, 18, 66 If mutational 197 pressures on introns are not associated with gene expression level, it will exclude this factor in shaping 198 optimal codons, and further affirm the role of selection. All introns that were >50bp were extracted as 199 the region between exons and were concatenated per gene. The association between GC content and 200 expression level were assessed using a scatter plot and Spearman's ranked R. 
Identification of tRNA Genes

203
To assess whether or how the optimal and non-optimal codons were related to the tRNA gene 204 copy number, we determined the number of iso-accepting tRNA genes per codon in the genome (T.
205
castaneum v. 5.2) using tRNA-scan SE. 18, 52, 67 The list of tRNA gene numbers identified in the current 206 genome version was identical to that reported previously 18 and is shown in Table 1. supplemental analyses add additional rigor and allow us to conclude that the optimal codons in Table 1 252 reflect a history of selection pressures favoring their usage in highly expressed genes. 253 254 3.2. Most, but not all, optimal codons are the same across germ line and somatic tissues 255 In order to compare optimal codon usage among the tissues under study, we next determined the 256 optimal codons (using ∆RSCU) using genes with high versus low expression (top and lowest 5%) 257 separately for each of the four individual tissue types, ovaries, testes, GT-females and GT-males. For 258 rigor in this assessment, we identified the subset of genes in the top 5% expression class that were only 259 in the top category for one tissue type (and were not in the top 5% expression in any of the other three 260 tissues), to discern whether or not there was a tissue effect on optimal codons. Under these criteria, we 261 identified 372, 450, 444, and 272 genes for analysis, for ovaries, testis, GT-females and GT-males 262 respectively. This allowed us to specifically assess the codon usage of genes that were maximally 263 transcribed only in one individual tissue, as it has been found that if tissue-type has an effect on codon 264 use, this effect is most apt to be evident in its highly transcribed genes 38 . The results for ∆RSCU per 265 tissue type are shown in Table 1 . We report that 15 of the 18 primary optimal codons (including His) 266 from the organism-wide assessment were identified as having the same optimal codon in three, or all 267 four, of the individual tissue-types (Table 1) . Thus, the vast majority of primary optimal codons were the 268 same in these divergent tissues, including male and female germ lines and somatic tissue types.
269
However, several significant differences were also observed among tissues. For example, a 270 male-specific primary optimal codon was identified for the amino acid Phe (with two synonymous 271 codons), as the codon TTC was optimal in the testes and GT-males, but not in the ovaries or GT-females 272 (Table 1) . Similarly, a GT-male-specific primary optimal codon ATC was identified for Ile (with three 273 synonymous codons), where ATT was optimal for the other three tissues. In turn, an ovary-specific 274 optimal codon was evident for Pro (with four synonymous codons), as the primary optimal codon was 275 CCC in all tissues except for the ovaries, where it was CCT. In addition, a GT-female optimal codon 276 was identified for Lys (two synonymous codons), where AAG was optimal in the ovaries, testes, and 277 GT-males, but its alternate codon AAA was optimal for GT-females. These examples show that the 278 primary optimal codon varies among tissue type in this beetle, and thus this pattern suggests that 279 translational selection regimes, and thus corresponding tRNA populations, may also vary among 280 tissues. 36 These present results are consistent with the few available studies of tissue-specific codon usages and translational selection from the fellow insect D. melanogaster 36 and in studied plants 38, 41 (note that 283 although some evidence suggests humans have tissue-specific optimal codons, this has been debated, 284 and may largely be an effect of the GC content of isochores, which exist in those organisms 73, 74 ).
285
Together, while the vast majority of optimal codons are shared across tissues in these beetles, non-286 negligible differences are observed between tissues and sexes. Direct quantification of tRNAs in cells or 287 tissues has been mostly restricted to date to lab models of bacteria, yeast or in vitro human cell 288 lines, 37, 39, 40, 43, 75 and the accuracy and limitations of the various approaches (based on microarrays,
289
Northern blot, quantitative PCR, RNA-seq) remains debated 40, 43, 76, 77 . Nevertheless, the development of 290 robust methods to sequence tRNAs that are applicable to non-traditional model organisms will allow 291 further tests of whether or how tRNA expression levels vary with tissues in T. castaneum, as is strongly 292 suggested by these results. 36 293 294
A majority of organism-wide optimal codons have high tRNA gene copy numbers 295
Given the minimal differences among tissues, for our remaining analyses we focus on the 296 organism-wide optimal codon usages ( Table 1 ). The number of tRNA gene copies in the genome has 297 commonly been used as a measure of the relative abundance of each tRNA species. 1, 4, 18, 20, 29, 30, 48 If 298 optimal codon usage were consistently a result of selection in response to abundant tRNAs, then the 299 primary optimal codon per amino acid should also have high relative tRNA gene frequency. When using 300 the organism-wide optimal codon list (Table 1), we found that 12 of the primary optimal codons also 301 had the highest, or near the highest tRNA gene counts of all codons per amino acid, GCT (Ala), AGA 302 (Arg), AAC (Asn), CAA (Gln), GAA (Glu), ATT (Ile), TTG (Leu), AAG (Lys), TTC (Phe), ACT (Thr), 303 TAC (Tyr), and GTT (Val). Further, while the positive ∆RSCU of CAC for His was not statistically 304 significant using the organism-wide assessment (P=0.26), this codon was optimal when individually 305 considered in the ovaries, GT-females and GT-males (P<0.05), and had seven matching tRNA genes. 306 Thus, when including CAC for His as a codon with optimal status, yields a study-wide total of 13 of the 307 18 primary optimal codons that have plentiful matching tRNA genes. In other words, a majority of 308 optimal codons have Opt↑tRNA status. These results suggest translational selection for accuracy and/or 309 efficiency 1,4 across a majority of amino acids in this beetle. Table 1 . The organism-wide ∆RSCU between high versus low expressed genes (using averaged expression across all four tissue types, the ovaries, testes, GT-females, and GTmales). In addition, the ∆RSCU are shown when high and low expressed genes were determined for each of the four individual tissue types. The primary optimal (Opt.) codons are in bold and have the largest positive and statistically significant ∆RSCU (t-test P<0.05) per amino acid. For the combined four tissue assessment (organism-wide), the primary optimal (Opt.) and non-optimal codons (Non opt.) are shown with X. Cases where relatively plentiful tRNAs match the optimal codon per amino acid are underlined and bold. The wobble anticodons for codons with zero matching tRNA copies are shown (standard anticodon/wobble anticodon according to classical wobble rules; see also 79 ). P<0.001, * P<0.05 and ≥0.001; a P-values are between 0.05 and 0.1 and thus is considered a putative optimal codon; b Secondary non-optimal codon with relatively high matching tRNA count; c While not having a statistically significant negative ∆RSCU, the codon is not optimal and is notable by its high tRNA count; d Both codons are optimal codons at nearly the same level; e Codon has Opt-codonwobble status. Table 2 . Examples of functions of the subset of highly transcribed genes that have elevated usage of non-optimal codons (RSCU>1.5) with substantial accepting tRNA gene counts (≥4). The genes are candidates to be translationally regulated by the degree of non-optimal codon usage. Tubulin-specific chaperone cofactor E-like protein TC009721
High GGC Usage for Gly (RSCU>1.5) Gene Functions
Microtubule-protein RP/EB family member 1 TC012270
Troponin C, isoform 1-like Protein TC033072 Profilin TC001942
Putative dynactin subunit 2-like Protein (Fragment) Ribosomal protein genes (N=0) Uncharacterized Proteins (N=15) Figure 1 . A. The frequency of optimal codons (Fop) across all 16,434 genes studied in T. castaneum. Genes are categorized into low (lowest 5%, FPKM<0.013), moderate (5 to 95%) and high (top 5%) transcription (FPKM>103) groups based on average expression across all four tissue types (testes, ovaries, GT-males, GT-females). Different letters below bars indicate a statistically significant difference using Ranked ANOVA and Dunn's paired contrasts (P<0.05). B. The GC content of introns with respect to the expression level per gene (Spearman's Ranked R is shown). Values are shown for all genes with introns >50bp (N=5,143).
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SUPPLEMENTARY MATERIAL
Evidence of multifaceted functions of codon usage in translation within the model beetle Tribolium castaneum
Carrie A. Whittle, Arpita Kulkarni, Cassandra G. Extavour  Table S1 . The number of RNA-seq reads for each tissue-type in the present study 1 . RNA-seq data are shown before and after adapter and quality trimming with BBDuk (https://jgi.doe.gov/data-and-tools/bbtools/). The Short Read Archive (SRA) Biosample identifiers are also shown (https://www.ncbi.nlm.nih.gov/sra). .   Table S2 . Comparison of the primary optimal codon list generated using the organism-wide analyses of high and low expressed genes in the present study (∆RSCU) to optimal codons obtained using the correlation method in Williford and Demuth (2012) , which defined up to three optimal codons per amino acid. Cases wherein the present primary optimal codon matched an optimal codon (at any level) identified under the correlation approach are indicated in the rightmost column. Optimal codons defined in each study are in bold and underlined.
∆RSCU Method Herein
Correlation Method * The same optimal codon GCC was found for ovaries and testes when examined individually in the present study. ** The CAC codon is statistically significantly optimal for three of four tissues herein, but not in the summary analyses of all pooled tissues. It is included in comparison of the present optimal codons to the correlation method. Figure S1 . The relative use of codons with Opt-codonwobble status (GAT, TGT, GGT, CCC and AGT) in highly expressed genes with respect to CDS length. Different letters below each set of three bars (per codon) indicate a statistically significant difference using Ranked ANOVA and Dunn's paired contrasts (P<0.05). The 822 highly expressed genes were divided into three equal sized classes of RSCU values (low, moderate (mod), high) for each codon. Figure S2 . The frequency of optimal codons (Fop) across all genes studied in T. castaneum when using the primary optimal codons identified in Williford and Demuth. 2 Genes are categorized into low (lowest 5%, FPKM<0.013), moderate (5 to 95%) and high (top 5%) transcription groups (FPKM>103) based on average expression across all four tissue types (testes, ovaries, GT-males, GT-females). Different letters below bars indicate a statistically significant difference using Ranked ANOVA and Dunn's paired contrasts (<0.05).
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Supplementary Text File S1: Protein length and Opt↑tRNA status
For the beetles studied herein, we found that the use of Opt-codonwobble codons was connected to protein length. Specifically, for the 822 highly transcribed genes in this organism (top 5%), we ranked the RSCU for each of the five codons with Opt-codonwobble status, and genes were then binned into three equal sized categories (N=274 genes each) based on the relative magnitude of RSCU (low, moderate, and high). By definition as an optimal codon, each of these five codons had elevated RSCU in the highly expressed genes (as compared to low expressed genes, Table 1 ). However, within the highly transcribed gene set, we found that the bin containing moderate RSCU values were consistent linked to longer CDS than those with the lowest or highest RSCU values for each of the five Opt-codonwobble codons, namely GAT, TGT, GGT, CCC and AGT (Ranked ANOVA and Dunn's paired contrast P<0.05, Fig. S1 ). Thus, the highly transcribed CDS encoding long proteins, appear to be connected to a specific frequency of Opt-codonwobble codons, which may play a role in their translation. This may possibly comprise a mechanism to ensure a balance between high translation rates (ensured by moderate rather than highest usage of Opt-codonwobble codons) and allowing intermittent pausing during translation for accurate protein synthesis and/or protein folding (ensured by their moderate, rather than low, usage) of CDS encoding long proteins.
